Glucocorticoid exposure accelerates the maturation of small bowel mucosa. We hypothesized that IGF-I, a mitogen and differentiating peptide expressed in small bowel, mediates steroid-induced change within the developing ileum. To investigate this possibility, we intraperitoneally administered 1 g/gm/d of dexamethasone (DEX) or equal volumes of saline to litter-mate newborn mice. The animals were killed on d 1-3 of life and their ileums were harvested and prepared for microscopy. Tissue sections of ileum were examined for morphologic analyses, mucin staining, immunolocalization of IGF-I and -II, proliferating cell nuclear antigen (PCNA), terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL), and in situ hybridization for IGF-I transcripts. Morphologic comparisons showed increases in goblet cell number, total cell number, and TUNEL-positive cells within the mucosa of DEX-treated animals. In contrast, the number of smooth muscle nuclei per cross-section was unchanged with DEX treatment despite a reduction in the number of PCNA-positive nuclei and an increased bowel circumference. These findings suggest the muscularis stretches to accommodate increasing bowel diameter. IGF-I peptide was localized to the mesenchyme of all control animals. After 48 h of DEX treatment, IGF-I was detected in the epithelia whereas mesenchymal IGF-I localization appeared diminished. In situ hybridization analyses for IGF-I transcripts showed no differences in localization between the groups. We conclude that DEX administration differentially affects adjacent tissues in the newborn ileum and that the associated changes in IGF-I localization are consistent with its participation in this process. The fetal small bowel undergoes rapid maturation during the latter third of gestation by increasing villus length, mucosal thickness, goblet cell number, lumen diameter, and smooth muscle thickness. Cell proliferation, differentiation, and turnover must be coordinated by local growth factors for these changes to occur. The IGFs, with their known actions on cell proliferation, cell differentiation, cell motility, matrix production, and cell survival are logical candidates for participation in this process.
The fetal small bowel undergoes rapid maturation during the latter third of gestation by increasing villus length, mucosal thickness, goblet cell number, lumen diameter, and smooth muscle thickness. Cell proliferation, differentiation, and turnover must be coordinated by local growth factors for these changes to occur. The IGFs, with their known actions on cell proliferation, cell differentiation, cell motility, matrix production, and cell survival are logical candidates for participation in this process.
There are two forms of IGF. IGF-II is abundant in fetal tissue but rapidly wanes around the time of birth and is increasingly difficult to detect thereafter. IGF-I has been shown to be important for both growth and repair within developing and mature bowel models (1) (2) (3) . For example, transgenic mice that overexpress IGF-I have longer small bowel length and increased mucosal mass when compared with controls. Likewise, i.v. IGF-I has been shown to rescue mucosal and villus atrophy in mature rodents receiving prolonged parental nutrition. Finally, IGF-I has been demonstrated to be a potent promoter of mucosal growth after bowel resection. Collectively, these findings suggest a central role for IGF-I in growthrelated phenomena of the bowel mucosa.
Glucocorticoids also affect the growth and differentiation of the bowel mucosa. Examples of this include glucocorticoidinduced expression of digestive enzymes, glucocorticoid increased goblet cell numbers, and glucocorticoid-induced thickening of the mucosa (4 -8) . Administration of glucocorticoids also has been associated with a decreased incidence of necrotizing enterocolitis in premature infants and rat pups (9, 10) . Taken together, these findings suggest that steroids can induce precocious maturation of the bowel mucosa.
Recent clinical reports have also associated short courses of DEX in premature newborns with spontaneous perforation of the small bowel (11, 12) . Review of the pathologic specimens from the patients in one of these reports revealed foci of degeneration within the circumferential smooth muscle in all cases examined (11) . At the same time, examination of the mucosa within those specimens revealed healthy mucosa. This would suggest that glucocorticoid exposure results in asynchronous development between the mucosa and the muscle, rather than global maturation of the small bowel.
We hypothesized that glucocorticoids affect the morphology of the mucosa and the muscularis of the developing ileum differently and that these differences are mediated in part through the IGF system. To examine this hypothesis, we administered DEX or vehicle to newborn mice and examined ileum from each group for morphology, evidence of cell proliferation and apoptosis, and tissue localization of IGF-I and -II proteins and transcripts.
MATERIALS AND METHODS
Dexamethasone administration and tissue collection. The animal protocols in this study were reviewed and approved by the institutional animal care and use committee at the University of North Carolina. Newborn C57 litter-mate mice received daily i.p. injections of DEX (1 g/gm) or saline beginning on the day of birth and repeated every 24 h for up to three doses. This dexamethasone dose and length of therapy approximates that used in a recent clinical trial where 17% of DEX-treated infants developed focal small bowel perforation (12) . We chose to use intraperitoneal injections, rather than s.c. or intramuscular injections, because this best approximated i.v. delivery, which was not feasible in this animal model.
Three out of 10 original litters were discarded because of poor maternal behavior and/or poor lactation at the 24-h time point. From the remaining seven litters, at least four pups were killed for each treatment group at the 24-and 48-h time points to allow examination of morphologic changes over time. Up to nine pups were killed for each treatment group at the 72-h time point to provide sufficient sample size for statistical comparison. The ileum was removed, fixed in 10% buffered formalin (Fisher Scientific, Pittsburgh, PA, U.S.A.), and embedded in paraffin.
Morphologic examination of ileum. Sections (4 M) were stained with hematoxylin and eosin or alcian blue and imaged with an Olympus microscope. Digitized images were obtained using a Spot Jr. camera (Diagnostics Inc., Sterling Heights, MI, U.S.A.). The circumference of the surrounding smooth muscle was calculated from lumen diameter (diameter ϫ ͟ ϭ circumference). Photomicrographs of 10ϫ objective magnification of each of the hematoxylin and eosin-stained sections were analyzed by drawing a line through the center of the lumen such that it bisected the section at the closest possible margins to minimize artifact from oblique-angle sections. The diameter was then measured as the distance between the internal margins of the circumferential smooth muscle bisected by that line.
To determine the number of smooth muscle nuclei in the circumferential smooth muscle, 20ϫ digital images for each section were printed and manually counted. Smooth muscle cell numbers were generated by counting the all the smooth muscle nuclei within the muscularis externa of one quarter of the section. Total smooth muscle nuclei per cross-section were then calculated by multiplying by four.
The number of goblet cells per cross-section was determined using photomicrographs of 10ϫ magnification of Alcian bluestained sections of ileum. The total number of mucin-positive cells was determined by manually counting all Alcian-stained cells in a quarter of each section and multiplying this number by four. The same approach was used to determination the number of cell nuclei with PCNA immunostaining and the number of TUNEL-positive cells.
In situ hybridization. In situ hybridization was performed as previously described with some modification (13) . Sections from DEX and control mice were paired and processed on the same slide for the purpose of comparison. Sections were deparaffinized in xylene, then hydrated in decreasing ethanol concentrations to distilled water, digested in proteinase K (10 mg/mL in 100 mM Tris-HCl, pH 8.0; Boehringer Mannheim Corp., Indianapolis, IN, U.S.A.) for 15 min at 37°C, then dehydrated in increasing ethanol concentrations and air dried before hybridization. Hybridization solution (50% deionized formamide, 0.25 mg/mL yeast transfer RNA in 4ϫ SSC [20ϫ SSC ϭ 3 M NaCl, 0.3 M sodium citrate, pH 6.0], 5 ng FITC-conjugated UTP-labeled probe/section) was applied to each section and covered with a glass coverslip. A sense strand RNA probe for IGF-I was prepared as previously described (14) . Sections were incubated in a humidified chamber at 60°C for 16 -18 h, coverslips were then removed in 1ϫ SSC, and sections washed in 1ϫ SSC for 60 min at 68°C. Slides were washed four times at 60°C in 1ϫ SSC, then twice in Buffer 1 (150 mM NaCl, 100 mM Tris-HCl, pH 7.5). Sections were then soaked in Buffer 1 containing 1% BSA (Boehringer Mannheim Corp.) for 30 min at 25°C. Anti-FITC-horse radish peroxidase (HRP) (1.5 U/mL) (Boehringer Mannheim Corp.) was added in the same buffer and incubated for 2 h. This was then removed by aspiration and the slides were washed four times with Buffer 1 at 25°C. Biotinyl tyramine (0.007 mM) plus 0.003% H 2 O 2 in Buffer 1 was added and the sections were incubated for a further 7 min followed by addition of avidin-biotin-peroxidase (ABC-HRP) (Vector Labs, Burlingame, CA, U.S.A.) and incubation for 30 min at 25°C. Sections were then washed and detection performed in substrate solution (0.05% 3Ј-3-diaminobenzidine, 0.003% H 2 O 2 in 0.1 M sodium acetate, pH 6.0), which was applied for 5 min to allow signal detection. Following detection, sections were stained with hematoxylin and cover-slipped.
Immunocytochemistry. To allow direct comparisons, DEXtreated and untreated tissues were processed on the same slide as previously described (15) . Sections (4 m) were deparaffinized in xylene and hydrated in descending ethanol concentrations to distilled water. Antigen retrieval was performed by incubating slides in 0.1M citric acid, pH 8.0, for 10 min at 100°C, followed by cooling to 25°C, and washing three times in distilled H 2 O. Endogenous peroxidase activity was quenched in 3% H 2 O 2 in 60% methanol for 15 min, followed by three washes of distilled water. Blocking solution (1% wt/vol BSA in TBS [0.05 M Tris-HCL, 0.138 M NaCl, 0.0027 M KCl, pH 8.0]) was applied for 1 h at 25°C, followed by incubation with one of three antibodies, mouse anti-PCNA 94 (Boehringer Mannheim Corp.), rabbit anti-human IGF-I (a gift from Dr. Louis Underwood, University of North Carolina at Chapel Hill) (16), or rabbit anti-human IGF-II, (a gift from Dr. Marsha Davenport, University of North Carolina at Chapel Hill) (17) for 16 to 18 h at 4°C in a humidified chamber. The primary antibody solution was aspirated, and the slides were washed three times at 25°C in TBS. Biotinylated anti-mouse antibody (Vector Labs) or biotinylated anti-rabbit antibody (Jackson Labs, West Grove, PA, U.S.A.) was prepared per the manufacturer's instructions and applied for 60 min at 25°C, followed by three TBS washes as above. ABC-HRP (Vector Labs) was prepared according to the manufacturer's instructions, applied for 30 min, and then washed as above. The peroxidase substrate solution was then applied to each section for 5 min. The reaction was terminated by aspiration of the substrate solution followed by washing for 10 min in distilled water at 25°C. The sections were counterstained with hematoxylin, dehydrated, and cover-slipped.
TUNEL analyses. Evidence of apoptosis in rat ileum from the different groups were examined using a commercially available kit for the TUNEL method (Apotag; Oncor, Gaithersburg, MD, U.S.A.) (18) . Tissue sections were deparaffinized in two changes of xylene for 5 min each change, followed by two washes in absolute ethanol for 5 min each wash, one wash in 95% ethanol for 3 min, one wash in 70% ethanol for 3 min, and a final wash for 5 min in PBS. Tissue sections were then digested with proteinase K (20 g/mL) for 5 min at 37°C followed by five washes in distilled water for 2 min each. Sections were equilibrated in a solution of 30 mM Trizma base, pH 7.2, 140 mM sodium cacodylate, and1 mM cobalt chloride (TCC) and then with TCC containing biotin-dUTP, -dATP, and terminal transferase according to the manufacturer's instructions (Roche Biochemical, Indianapolis, IN, U.S.A.) and incubated for 45 min at 37°C. The reaction was stopped by adding STOP Buffer (300 mM sodium chloride, 30 mM sodium citrate) and incubated for 30 min at 37°C. Five 3-min washes with PBS were performed for each slide, then detection was performed using the ABC-HRP method described above.
Statistical analyses. All morphologic comparisons were made between the control and treated groups on d 3 of life using a two-tailed t test. Statistical comparisons of morphologic differences between treatment groups from d 1 or 2 were not performed because of their smaller sample sizes. Significance was determined when differences yielded p values Ͻ 0.05.
RESULTS
Survival and growth of the study animals. Daily i.p. injections were comparably tolerated between DEX-treated and untreated litters. From seven litters (n ϭ 57), individual mice were lost in a sporadic manner from both DEX-treated and untreated litters. These deaths were presumed to be a combination of normal attrition and episodic complications of i.p. injection, based on our observation that the surviving littermates appeared healthy upon day-to-day inspection. Of the surviving pups, both DEX-treated (n ϭ 18) and saline-treated animals (n ϭ 20) showed comparable weight gain during the first 2 d of the study period (Fig. 1) . By d 3, a trend toward reduced weight gain was noted with DEX suggesting that significant growth delay, as occurs with lengthier intervals of DEX exposure (19) , would have been evident with a longer growth period. By visual inspection at the time of sacrifice, the bowel and peritoneum appeared normal in all surviving pups regardless of treatment.
DEX administration alters ileal morphology. Histologic examination of ileal cross-sections demonstrated dramatic mucosal change in DEX-treated animals (Fig. 2) . At 3 d, DEX treatment resulted in a 42% increase in goblet cell number (Table 1 ) and a 64% increase in total number of mucosal nuclei. In contrast to the demonstrated mucosal enhancement, the surrounding smooth muscle layer displayed a very different response to DEX treatment. There was a 34% increase in the circumference of the muscularis layer but the total number of circumferential smooth muscle nuclei was unchanged (evident in Fig. 2 , and tabulated in Table 1 ). Taken together, these findings suggest that the circumferential smooth muscle is stretching to accommodate an increased lumen diameter.
DEX administration decreases proliferating cell populations in the muscularis. PCNA immunodetection was used to identify proliferating cell populations in d 3 ileum (Fig. 3) . PCNA was easily detected in the crypt epithelium as expected, but only occasional PCNA positive cells were found in other cell populations of the ileum. DEX administration was associated with a significant decrease in the number of PCNApositive nuclei within the circumferential smooth muscle (Table 1). In contrast, the number of PCNA-positive nuclei with the mucosa was similar between treatment groups (Table 1 ). 
DEX REDISTRIBUTES IGF-I IN DEVELOPING ILEUM
DEX administration does not reduce apoptosis in newborn ileum. There were only rare TUNEL-positive cells found in the mucosal epithelium and no TUNEL-positive cells were identified in the submucosa and muscular layers in ileal crosssections from d 3 animals, regardless of treatment group (Table  1) . There was a small but significant increase in the number of TUNEL-positive nuclei within the mucosa of DEX-treated animals ( Table 1) .
DEX administration does not alter the sites of IGF expression in the ileum. IGF-I transcripts were localized by in situ hybridization in ileum from d 1-3 (d 3 is shown in Fig. 4) . Localization of transcript was seen in the epithelium, mesenchyme, submucosa, and circumferential muscle, with the most intense signal localized to the crypt epithelium. DEX treatment did not alter the distribution of IGF-I transcripts, although signal was more easily detected in the DEX treatment group.
Dexamethasone alters the pattern of IGF-I localization in the ileum. In ileum of control mice from d 1-3, IGF-I was easily detectable and immunolocalized to the lamina propria, the submucosal layer, the subserosal stroma, and the basolateral margins of the epithelia (Fig. 4) . Likewise, there was little IGF-I staining apparent within the muscularis externa although localization was present at the interior margin. Following DEX treatment, a shift in sites of IGF-I immunolocalization was observed with readily detectable. IGF-I was localized within the epithelium of the distal half of the villus on d 2 and 3 of DEX exposure (Fig. 4) , but there was minimal or no detection of IGF-I within the cytoplasmic space of control epithelia. In contrast, IGF-II immunohistochemistry resulted in minimal detection within ileum from any of the 3 d examined. There was no difference in IGF-II distribution between control and DEX-treated ileum but a small amount of punctate, perinuclear IGF-II localization was consistently seen within crypt epithelia in both treatment conditions. This staining pattern was not seen when primary antibody was omitted from the detection assay. Neither IGF-I nor IGF-II immunolocalized to goblet cells. 
DISCUSSION
The IGFs are known to participate in both cell proliferation and differentiation, acting largely through autocrine/paracrine mechanisms. IGFs are regulated directly via complex transcriptional and translational mechanisms and indirectly through a number of mechanisms that modulate the bioavailability and distribution of these small, secreted peptides (1).
Although changes in the IGF system have been associated with bowel development, inflammatory bowel disease, and repair after bowel injury (3), the role of IGF in small bowel maturation have not been fully defined. Likewise, the effects of glucocorticoids on the IGF system also remain unclear. A number of studies have demonstrated glucocorticoid-mediated changes within the IGF systems of various cell types, including lung fibroblasts (20) , lung epithelia (20) , osteoblasts (21), and neurons (22) , but these changes are diverse and appear to be tissue specific.
In this study, we have focused on the early events following DEX administration in the ileum of newborn mice. DEX alters mucosal morphology by increasing the total number of mucosal cells as well as the specific subset of goblet cells. These findings are consistent with earlier studies (4 -8) . We have also demonstrated that DEX reduces IGF-I localization within the lamina propria and the extracellular space beneath the epithelia but concomitantly increases IGF-I abundance in the region of the villus tips. This change in peptide location occurs without apparent change in IGF-I transcript localization, which appears abundant in the epithelia of the developing ileum. Because IGF-I is abundant in mammalian breast milk, the DEX- The DEX-associated increase in mucosal cell number could theoretically be consistent with either increased cell proliferation or reduced cell loss. However, since there was not a significant difference in the number of PCNA-positive mucosal cells between treatment groups, it is unlikely that DEX administration enhances mucosal growth through proliferation. There are two potential mechanisms controlling epithelial cell turnover within the small intestine: sporadic apoptosis of enterocytes along the length of the villus and cell shedding at the villus tips. We investigated the possible contribution of apoptosis by using TUNEL labeling. Interestingly, these experiments showed a small but significant increase in the number of apoptotic bodies within DEX-treated mucosa. If cell division is static and apoptosis is slightly increased, then mucosal cells must be accumulating through a reduction in cell shedding at the villus tips.
The epithelial cells within rodent gut mucosa can transit from the crypts to the villus tips in as little as 2 d (23) (24) (25) . Within our 72-h time frame, an abrupt reduction in the rate of cell shedding could explain our observed increase in mucosal nuclei with DEX treatment. Our observation that DEX administration to newborn mice is associated with redistribution of IGF-I to the villus tip, the principle site of cell shedding, further implicates IGF-I as a regulator of this process. Many experimental models have demonstrated enhanced mucosal growth with either steroid or IGF-I exposure (2-8, 26 -30) . The mechanisms by which IGF-I influences cell survival are not fully understood but there are numerous examples where IGF-I exposure prolongs cell viability, particularly in settings favorable to programmed cell death (reviewed in 31, 32). Cell shedding is an intestinal-specific form of cell turnover that has not received the same degree of investigational scrutiny as apoptosis. Additional investigation is needed to elucidate the role of IGF-I as a potential regulator of the different modes of cell turnover within intestinal epithelia.
In contrast to the mucosa, the circumferential smooth muscle shows a very different response to DEX. Although IGF-I is abundant in the bowel wall mesenchyme of control ileum, it wanes dramatically by 72 h of DEX treatment. Temporally associated with this decrease in IGF-I, the circumferential smooth muscle must accommodate an expanding diameter by increasing in circumference. In general, the response of smooth muscle to stretch is one of rapid cell proliferation (33) . IGF-I is thought to be an active participant in this proliferative response and IGF-I overexpression is known to result in smooth muscle hypertrophy (33) (34) (35) (36) (37) . In our model, the total number of circumferential muscle nuclei was not different between treatment groups whereas the number of PCNApositive smooth muscle nuclei were actually decreased in DEX-treated animals when compared with controls. This paucity of proliferation is coincident with a rapid reduction in the local abundance of IGF-I and is consistent with published findings that IGF-I is required for stretch-induced smooth muscle proliferation (33) .
In summary, our observations support a central role for IGF-I as a local mediator of the divergent changes that glucocorticoids induce in adjacent tissues of the ileum. The stretching of the smooth muscle appears to be a nonproliferative adaptation to increasing lumen diameter. IGF-I localization parallels this relationship by waning in the bowel wall, where muscle proliferation languishes, and waxing in the mucosa, where somatic growth is enhanced. We speculate that this DEX-induced change mirrors the relationship between focal small bowel perforation and early DEX administration in extremely low birth weight infants (11, 12) . If short courses of early DEX similarly affect the ileal tissues in premature humans, DEX could predispose the bowel to perforation by thinning the circumferential smooth muscle and making the bowel wall more vulnerable.
